Purpose The aim of this study was to compare bone marrow-derived mesenchymal stem cells (MSCs) with bone marrow nucleated cells (BNCs) as seed cells in the treatment of cartilage defects. Methods Twenty Guizhou minipigs were used to create fullthickness chondral defects of 6.0 mm in diameter in the knee joints and divided between two time points (four and eight weeks) for final assessment. At every time point, animals were separated into four groups: the CON group which underwent no implantation; the collagen type II hydrogel group (COL); the collagen type II hydrogel+bone marrow-derived MSCs group; and the collagen type II hydrogel+ BNCs group. The samples were grossly examined, observed through a stereo microscope, histologically analysed and evaluated with the O'Driscoll scoring system, respectively. Results The cartilage repair of the two cell-treated groups was improved markedly compared to the CON and the COL groups, while the repair tissues of the two cell-treated groups showed no significant difference eight weeks after surgery.
Introduction
Adult articular cartilage has no blood circulation, lymphatic drainage or innervation, so chondral tissue has poor healing abilities. Although the full-thickness cartilage defect can heal spontaneously sometimes, repair tissue has many of the characteristics of fibrous tissue rather than hyaline cartilage and it will degenerate on physiological loading, which may lead to osteoarthritis [1] . Various surgical options have been proposed to restore cartilage defects, such as autologous chondrocyte transplantation [2, 3] and mosaicplasty transplantation, which have been demonstrated to be effective in enhancing cartilage repair over the past decade. With the development of tissue engineering, more approaches have been adopted [4] . Except for chondrocytes, adult MSCs from various tissues have been used for seed cells [5, 6] and they have many advantages, such as relatively abundant source, easy method of harvesting, no damage to the donor cartilage, strong capacity for proliferation and the potential to differentiate towards the chondrogenic phenotype.
However, there are many difficulties in the application. We can neither control the direction of MSC differentiation precisely nor find a way to obtain completely pure stem cells to date [7] . Recently, some researchers attempted to use uncultured bone marrow-derived nucleated cells to repair articular cartilage defects [8, 9] , which proved to be effective. In view of this, it is necessary to compare the effect of BNCs with bone marrow-derived MSCs as seed cells in cartilage repair.
Many materials have been used as scaffolds to serve as temporary supports for cell growth and new tissue development [10] . Among them, hydrogels offer numerous attractive features for tissue engineering [11] , including ease of handling where cells are simply mixed in a solution prior to gelation enabling a highly uniform cell seeding, a highly hydrated tissue-like environment and the ability to form in vivo. Many experiments have suggested that collagen type II alone has the potential to induce and maintain MSC chondrogenesis [12] . Using collagen type II hydrogel as a scaffold to encapsulate BNCs or bone marrow-derived MSCs in this study, we observed the results of cartilage repair in vivo with a large animal model of full-thickness articular cartilage defect. In addition, we tried to ascertain whether BNCs can be recommended as seed cells in the treatment of chondral defects in comparison to bone marrow-derived MSCs.
Materials and methods

Experimental design
Twenty Guizhou minipigs (Experimental Animal Centre of the Third Military Medical University, Chongqing, China) weighing 32-41 kg and aged ten to 12 months were used. After surgical intervention, animals were divided between two time points (four and eight weeks) for final assessment. At every time point, animals were separated into four groups: the CON group (n=5 knees) underwent no implantation; the collagen type II hydrogel group (COL, n=5 knees); the collagen type II hydrogel+bone marrow-derived MSCs group (BMSCs, n= 5 knees); and the collagen type II hydrogel+bone marrow nucleated cells group (BNCs, n=5 knees). The experiments were approved by the Third Military Medical University Committee for Animal Experimentation.
MSC isolation and in vitro proliferation
The bone marrow was harvested from the spongy bone of the iliac crest in a separate procedure three weeks prior to surgery. Under sterile conditions, a 16 gauge marrow needle was used to insert 1.5 cm into the iliac crest, and a total of 15 ml bone marrow was aspirated into a 20-ml plastic syringe containing 0.5 ml of heparin (1,000 U/ml; Jiangsu Wanbang Biochemical Pharmaceutical Co., Ltd., China).
MSCs were isolated and cultured by a method previously described [13] . The cells of the second passages were harvested for seeding in collagen type II hydrogel (Engineering Research Center for Biomaterials, Sichuan University, China). The collagen type II hydrogel used in this study is a natural polymer derived from pig's joint cartilages, which becomes a gel through physical crosslinking when the temperature rises to 37°C. This polymer was demonstrated to have good cell compatibility, and it is currently going through a patent application process.
Surgical procedure
All surgical procedures were performed by the same team, including two orthopaedic surgeons, one anaesthetist and one laboratory technician in charge of isolating cells and preparing the hydrogel-cell complex. For the BNCs group, the first step was bone marrow aspiration. About 15 ml of bone marrow was harvested by the above-mentioned method and transferred to the cell laboratory immediately. The BNCs were isolated by Percoll (d=1.073 g/ml; Pharmacia) density gradient centrifugation; 200 μl cells was seeded in 1 ml collagen type II hydrogel to prepare the complex to a cell concentration of 10 5 /ml at 4°C. The hydrogel+bone marrowderived MSCs complex was prepared using the same concentration and methods.
At the same time, a chondral defect was created (Fig. 1a-c) . A lateral parapatellar approach was used to expose the knee. A chondral defect of 6.0 mm in diameter was created in the medial area of the lateral femoral trochlea [14] with a special tube osteotome. The base of the defect was trimmed with a surgical curette. To prevent haemorrhage, the manipulation was carried out carefully in order not to penetrate the subchondral bone. The operating field was douched with physiological saline during the operation process to wash off the chondral debris and prevent dehydration of the cartilage.
Then a 1-ml plastic syringe was used to suck appropriate hydrogel (the COL, BMSCs or BNCs group), which was injected into the defect (Fig. 1d) . The surface of the hydrogel was slightly lower than the surrounding cartilage. A lamp was used to heat the operating field (Fig. 1e) ; five to ten minutes later, the hydrogel set and adhered firmly to the defect (Fig. 1f) . Finally, careful haemostasis, patellar reduction and a layered closure were performed to ensure a watertight seal, and the minipigs were allowed to move freely after the operation with adequate analgesia given. All pigs received ampicillin (Sigma) consecutively for five postoperative days.
Gross and histological analysis
Pigs were sacrificed by an overdose of pentobarbital sodium. During the necropsy, joint cavities were exposed via the original incisions. The defects, adjacent cartilage and synovial membranes were grossly examined. After resection of the distal femurs, osteochondral blocks containing the defects were fixed in 10% neutral buffered formalin for three days, after which the blocks were decalcified with formalin-nitric acid solution (40% formaldehyde 5 ml, concentrated nitric acid 10 ml and distilled water 85 ml) for at least three days. The blocks were cut into slices, 5-mm thick, with a sharp blade and were split perpendicularly from the midportion of the cartilage surface.
In the next stage, the surface and section of the defects were first observed through a stereo microscope (Chongqing Optec Instrument Co., Ltd., China). Secondly, the samples were further dehydrated, cleared and embedded in paraffin and cut into 5-μm thick sections. The sections were stained with Safranin-O/fast green (Sigma), toluidine blue (Sigma) and Sirius red (Sigma), respectively. Immunohistochemical analysis for collagen type II was not performed, as we were worried about the possibility that the collagen type II scaffold would affect the evaluation.
Histological scoring for repaired tissues
The sections in the middle third of the defects were evaluated with the O'Driscoll scoring system [15] , which encompassed four major categories ('nature of the predominant tissue', 'structural characteristics', 'freedom from cellular changes of degeneration' and 'freedom from degenerative changes in adjacent cartilage') and the total score was 24.
Statistics
Statistical analysis was performed with SPSS 10.0 (SPSS Inc., Chicago, IL, USA). The analysis of variance and MannWhitney test were used for histologically grading the effect of treatment. We considered p values < 0.05 as significant.
Results
Postoperative conditions
Pigs were fully awakened six to eight hours after the operations. One week after the surgery, the animals' gait had returned to normal. The wounds were healed two weeks after operation.
Four weeks
When the joint capsules were opened, a little bright synovial fluid (about 1 ml) spilled out, and the synovial membranes were mildly hyperaemic. Almost no regenerating tissue was observed in the CON group; the chondral defects were partly repaired with fibrous-like tissues in the COL group; glossy regenerating tissues were generally observed in the two celltreated groups. Fig. 1 a-f A chondral defect was created in the medial area of the lateral femoral trochlea (a-c). Hydrogel was injected into the defect and made to set (d-f) All specimens were observed through the stereo microscope. In the CON group (Fig. 2a) , the chondral defects were rarely repaired. Moreover, the subchondral bones had partly subsided. In the COL group (Fig. 2c) , the defects had a bowl shape, because various regenerating tissues appeared mainly around the defects while the subchondral bones had moderately subsided. Translucent regenerating tissues with smooth surfaces were widely observed in the two cell-treated groups (Fig. 2e, g ). There were no gaps between the regenerating tissues and the circumjacent cartilage, but the interfaces could be identified easily. The subchondral bone showed slight subsidence.
The intercellular matrix of the regenerating tissues was stained with Safranin-O (Fig. 3e, g ) and toluidine blue (Fig. 4e, g ) in the two cell-treated groups, demonstrating its content of proteoglycans and glycosaminoglycans. Cellular distribution was irregular, especially in the BNCs group, in which a few cartilage lacunas could be observed. The collagen networks of the regenerating tissues showed strong double refraction (characteristic for collagen type I, which was detected with Sirius red staining) in the COL group (Fig. 5a ). The refraction of the regenerating tissues was still apparent (especially in the BNCs group) in the two cell-treated groups (Fig. 5c, e) , which implied that the collagen networks had not formed the truly collagen type II.
Eight weeks
Hyperaemia and hyperplasia were observed in few synovial membranes when the knee joints were exposed, and nearly no synovial fluid spilled out. In the CON group, the chondral defects were still distinct, but the edges became sleek. In the COL group, more regenerating tissues filled the defects, but the surfaces were not smooth and had no luster of the hyaline-like cartilage. In the two cell-treated groups, the chondral defects were completely filled with hyaline-like regenerating tissues, whose colour was ivory white resembling normal cartilage.
Again, we observed the defects' morphology through the stereo microscope. Compared with the images of four weeks, the repair of the defects showed no notable improvement either in the CON group or the COL group (Fig. 2b, d ). On the contrary, the subsidence of the subchondral bone became more serious in three specimens. Fig. 2 a-h The surface and section of the defects observed through a stereo microscope. The chondral defects were rarely repaired and the subchondral bones had partly subsided 4 weeks after the surgery in the CON group (a). The defects had a bowl shape 4 weeks after surgery in the COL group, while the subchondral bones had moderately subsided (c). Repair of the defects showed no notable improvement either in the CON group (b) or the COL group (d) 8 weeks after surgery, and the subsidence of the subchondral bone became more serious. Translucent regenerating tissues were observed in the two cell-treated groups (e and g) 4 weeks after surgery. The subchondral bone showed slight subsidence; there were no gaps between the regenerating tissues and the circumjacent cartilages in the two cell-treated groups (f and h) 8 weeks after surgery, and the subsidence of the subchondral bone was not aggravated (original magnification, ×40)
In the BMSCs group and the BNCs group (Fig. 2f, h ), the integration of the regenerating tissues and the circumjacent cartilage was fairly good; the interface could hardly be identified in two specimens, and the subsidence of the subchondral bone was not aggravated in most of the specimens.
Regenerating cartilaginous tissues in the two celltreated groups became more distinctive than those of four weeks after the operation. More intense staining with Safranin-O (Fig. 3f, h ) and toluidine blue (Fig. 4f, h ) could be detected, while some cartilage lacunas presenting columnar distribution could be observed at the deep layer of the regenerating tissues adjacent to the normal cartilage, although the tidemark still could not be found. The collagen network of the regenerating tissues still showed strong double refraction in the COL group (Fig. 5b) . However, the regenerating tissues showed weak double refraction and a loose network distribution of colours in the two cell-treated groups (Fig. 5d, f) , resembling normal cartilage.
The O'Driscoll scoring system for regenerating tissue
The BMSCs group had the highest score (expressed as mean±SD) at four or eight weeks. The scores of the two cell-treated groups were markedly higher than those of the CON group and the COL group (p<0.01), while the score of the COL group was higher than that of the CON group (p< 0.05 at four weeks, p<0.01 at eight weeks). Although the score (15.2±0.83666) of the BMSCs group was higher than that (12.6±0.89443) of the BNCs group (p=0.004) at four weeks, the scores of the two groups had no significant difference (p=0.984) at eight weeks (Table 1) . Fig. 3 a-h Safranin-O staining of the regenerating tissues was negative in the CON group (a) and the COL group (c) 4 weeks after surgery, and the intensity of Safranin-O staining at the edge of the cartilage showed various degrees of decrease. The defect was still distinct in the CON group 8 weeks after surgery (b). More regenerating tissues were observed in the COL group 8 weeks after surgery, but the Safranin-O staining was still negative (d). Safranin-O staining of the regenerating tissues was slight or moderate (e and g) 4 weeks after surgery and nearly normal (f and h) 8 weeks after surgery in the two cell-treated groups (original magnification, ×100) Fig. 4 a-h Toluidine blue staining of the regenerating tissues and adjacent cartilage. The signs of them were parallel with those in Fig. 3a-h (original magnification, ×100) 
Discussion
Autologous chondrocytes have been used as seed cells to repair cartilage defects for nearly 30 years since 1984 [2, 3, 16] , but this technique has not been widely used around the world to date, especially in the developing countries. The reasons probably are the high cost, the risk of a second operation and anaesthesia, the long-term treatment cycles, the chondrocytes' instability in monolayer culture [6] together with the additional lesions due to the harvesting of donor cartilage for chondrocyte propagation. Tissue engineering is currently focusing on the use of adult MSCs as an alternative to autologous chondrocytes [17] , in which the most common and studied source is bone marrow. Many experiments have confirmed that bone marrowderived MSCs are the most promising seed cells and have the potential to be employed in clinical applications [18, 19] , but the separation and purification of MSCs are still a complex and uncertain processes, which can only be performed in laboratories. So its widespread application is limited. In view of this, researchers have attempted to repair cartilage defects with a single operation. Giannini et al. [9] reported a "one-step technique" for talar osteochondral lesion repair, in which uncultured bone marrow-derived cells were used as seed cells. The clinical results indicated that the patients obtained improved functional scores and that histological evaluation showed regenerated tissue in various degrees of remodelling despite the fact that no entirely hyaline cartilage appeared.
Although the one-step technique with uncultured BNCs has achieved encouraging results, the question still remains whether the repair tissues have a better or similar effect compared with culture-expanded MSCs. In this study, we established a full-thickness cartilage defect model in minipigs whose joint size, weight-bearing requirements and cartilage thickness were closer to those of humans than smaller animal models [20] . Furthermore, we used a convenient method to deliver autologous culture-expanded bone marrow-derived MSCs or autologous uncultured BNCs to the cartilage defect area, which demonstrated that the cartilage repair was improved markedly in comparison to the CON and COL groups. Meanwhile, we also observed that the repair tissues of the two cell-treated groups showed no significant difference. This appears to be good news for joint surgeons and patients suffering from articular cartilage lesions being very simple, economical and safe method by using autologous uncultured BNCs.
In this study, no growth factors [21, 22] were added into the implants, but the cartilage repair of the cell-treated [23] , the lower oxygen tension in the knee joint capsule [24] and many nutritive materials of the synovial fluid. Four weeks after the operations, the BMSCs group represented the highest O'Driscoll histological score because of its highest cell density of MSCs. However, four weeks later, the regenerated tissues of the BNCs group were as good as those of the BMSCs group. We speculated that BNCs including T cells, B cells, monocytes and macrophages might secrete abundant cytokines (or growth factors) [8] , which provide more consummate and constant microenvironment support, consequently contributing to the proliferation and chondrogenic differentiation of MSCs. Another source of cytokines was platelets, because there were always some platelets mixed with the BNCs during the cell collection with the pipette, which would finally be transplanted to the cartilage defects as a whole. Moreover, the choice of the scaffold for cell transplantation is very important in cartilage regeneration. Collagen type II hydrogel was a 3-D culture system offering good interactions for cell-cell and cell-matrix, which had the characteristic of gelation at 37°C and the convenience in surgical handling [25] . Being one of the most predominant components in articular cartilage, collagen type II demonstrated that it can initiate and maintain MSC chondrogenesis [12] . In this study, we observed gratifyingly that all collagen type II hydrogel implants did not shed from the defects, and the regenerating tissues closely integrated with the circumjacent cartilage, especially in the cell-treated groups. We eliminated the possibility that the highly hydrated 3-D environment benefited cell migration and new tissue growth, since the lower implant surface avoided direct friction from adjacent tissues.
We found that the cartilage repair of the COL group was superior to that of the CON group. The cartilage defects we created did not penetrate the subchondral bone, so bone marrow blood that contains glycoproteins, platelets, growth factors and MSCs had no chance to participate in the cartilage regeneration [3] . However, when the chondral defects were occupied by the collagen type II hydrogel, some chondrocytes existing in the interface between host and implant would migrate into the hydrogel and proliferate under the induction of collagen type II, though the effect was minor.
In conclusion, with collagen type II hydrogels as scaffolds, the transplantation of autologous uncultured BNCs contributes to articular cartilage repair in large animal models, in which the regenerated cartilaginous tissues closely integrated with the circumjacent cartilage. Considering postoperative recovery of the animals, the gross and histological observation of repair tissues, and the O'Driscoll scoring system for repaired tissue, there were no significant differences in the repair results between the BNCs group and the BMSCs group. Therefore, the transplantation of autologous uncultured BNCs as seed cells may be an effective, economical, convenient and safe technique for cartilage repair in clinical applications.
